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Abstract
Before and after every 12 hour synthesis observation, the Molonglo Observatory Synthesis
Telescope (MOST) measures the flux densities of ∼5 compact extragalactic radio sources,
chosen from a list of 55 calibrators. From 1984 to 1996, the MOST made some 58 000 such
measurements. We have developed an algorithm to process this dataset to produce a light
curve for each source spanning this thirteen year period. We find that 18 of the 55 calibrators
are variable, on time scales between one and ten years. There is the tendency for sources
closer to the Galactic Plane to be more likely to vary, which suggests that the variability is
a result of refractive scintillation in the Galactic interstellar medium. The sources with the
flattest radio spectra show the highest levels of variability, an effect possibly resulting from
differing orientations of the radio axes to the line of sight.
Keywords: ISM: general — quasars: general — radio continuum: galaxies
1 Introduction
Many compact extragalactic radio sources show variations in their radio flux density as a function
of time. At high frequencies (ν ≫ 1 GHz) this variability is usually interpreted as being intrinsic
to the source (e.g. Qian et al 1995, although see Kedziora-Chudczer et al 1997). Variability at
lower frequencies (e.g. Hunstead 1972; Ghosh & Rao 1992) is normally attributed to refractive
interstellar scintillation, in which the intensity variations are caused by distortions of the wavefront
by electron density gradients in an intervening screen of material (Shapirovskaya 1978; Rickett et
al 1984). There is evidence that the parameters of such variability depend on the Galactic latitude
of the source (Spangler et al. 1989; Ghosh & Rao 1992), suggesting that the material causing the
scintillation is in our own Galaxy.
In some sources, both intrinsic variability and scintillation may be occurring at the same time
(e.g. Mitchell et al 1994). Such sources show large but uncorrelated variations at high and low
frequencies. At frequencies ν ≈ 1 GHz, one might expect both effects to occur; however, vari-
ability in this region of the spectrum is largely unexplored. The Molonglo Observatory Synthesis
Telescope (MOST; Mills 1981; Robertson 1991) operates at a frequency of 843 MHz, and is thus
well placed to study this regime. For calibration purposes, the MOST monitors the flux density of
∼10 compact extragalactic sources every day. Thus the full record of MOST calibrations, running
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from 1984 until the commencement of the Wide Field Project in 1996 (Large et al 1994), forms
an ideal database with which to study variability in this intermediate frequency range.
A preliminary analysis of three MOST calibrators was made by Campbell-Wilson & Hunstead
(1994), hereafter Paper I. It was shown that flux density measurements with a relative accuracy
of 2% could be extracted from the database. Over the period from 1990.1 to 1993.7, the source
MRC B0409–752 was shown to be stable, while MRC B0537–441 and MRC B1921–293 were found
to be highly variable. In this paper we now report on all 55 calibrators used by the MOST, over
a thirteen year period. In Section 2 we explain how we process the calibrator measurements in
order to produce light curves for each source, and then determine whether a source is variable
or not. In Section 3 we present light curves for all 55 sources, plus structure functions for those
sources found to be variable. In Section 4 we discuss some individual sources in our sample, and
consider whether any of the observed properties correlate with Galactic latitude.
2 Observations and Data Analysis
2.1 SCAN Measurements
The MOST is an east-west synthesis telescope, consisting of two cylindrical paraboloids of dimen-
sions 778 m × 12 m. Radio waves are received by a line feed system of 7744 circular dipoles. The
telescope is steered by mechanical rotation of the cylindrical paraboloids about their long axis, and
by phasing the feed elements along the arms. In a single 12-hour synthesis, the MOST can pro-
duce an image at a spatial resolution of 43′′×43′′cosec(|δ|) and at a sensitivity of ∼1 mJy beam−1
(where 1 jansky [Jy] = 10−26 W m−2 Hz−1).
Before and after each 12-hour synthesis, the MOST typically observes ∼ 5 calibration sources in
fan-beam “SCAN” mode in order to determine the gain and pointing corrections for the telescope.
These sources are chosen from a list of 55 calibrators, 45 of which were chosen from the Molonglo
Reference Catalogue (MRC) at 408 MHz (Large et al 1981), using as selection criteria that they
have declination δ < −30◦, Galactic latitude |b| > 10◦, angular sizes < 10′′ and flux densities
S408MHz > 4 Jy and S843MHz > 2.5 Jy; further discussion is given by Hunstead (1991). This
list was later supplemented by seven flat-spectrum (S408MHz < 4 Jy) sources from the work of
Tzioumis (1987), plus three compact sources for which δ > −30◦. The full list of calibrators is
given in Paper I.
For each SCAN observation the calibrator source is tracked for two minutes, after which the
mean antenna response is compared with the theoretical fan-beam response to a point source.
From 1994 to 1996, over 58 000 such measurements were made. In each case, parameters such
as the goodness-of-fit of the response and the pointing offset from the calibrator position are
recorded, along which an amplitude which is the product of the instantaneous values of the source
flux density, the intrinsic telescope gain and local sensitivity factors. The main factors are strong
but well-determined functions of meridian distance1 (MD) and of ambient temperature (which
ranges from −10◦C to +40◦C during the year); the variation of sensitivity with MD is shown in
Figure 1. After applying corrections for these two factors, the telescope gain for each SCAN is
derived by comparing the corrected amplitude with the tabulated flux density of the corresponding
source (see Table 1 of Paper I). The residual scatter in the gain determined from steady sources
(defined in Section 2.3) is typically 2% RMS; this is the fundamental limit to the uncertainty of
measurements made using the SCAN database.
1Meridian distance, MD, is related to hour-angle, H , by sinMD ≈ cos δ sinH — see Robertson (1991).
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2.2 Selection Criteria
Various selection criteria are applied to the SCAN database before accepting measurements for
further analysis:
• The uncertainties in the MD gain curve increase towards large MD, and observations made
outside the MD range ±50◦ are excluded;
• Observations made during routine performance testing (characterised by a large number of
successive SCANs of the same source) are discounted, except where the standard deviation
in gain was less than 5%. In such cases the group is treated as a single measurement with
a gain equal to the average of the group;
• a poor fit to the antenna response can often indicate a confusing source or a telescope
malfunction, and such data are excluded;
• extreme values of the relative gain (below 0.5 or above 1.5) are assumed to be discrepant
and are discarded.
Because calibration observations are made just before and after each synthesis, the database
is typically clustered into SCANs closely spaced in time. We define a “block” as a group of at
least three valid observations made within the space of an hour. We initially exclude observations
of 15 of the 55 calibrators (see Table 1 of Paper I), because of: (i) a flat spectrum (α > −0.5,
S ∝ να), (ii) suspected variability or (iii) the presence of a confusing source. By averaging the
gains determined from each SCAN within a block, a representative gain for the telescope at that
particular epoch can be determined. This is then applied to each individual observation within
the block to obtain a measurement of flux density for that source.
Some of the resultant light curves have thousands of data points, generally sampled at highly
irregular intervals. Some light curves have significant scatter; it is not clear whether this scatter
is due to unrecognised systematic errors in our flux density determination, to true variability on
time-scales shorter than the typical sampling interval, or to the presence of confusing sources in the
field. In any case, we chose to bin each light-curve at 30 day intervals; the mean of all flux densities
within a given bin becomes a single point on a smoothed light curve, and the standard deviation
of the measurements in that bin becomes the error bar associated with this measurement2. While
binning the data filters out any genuine variability on time-scales less than a month, the irregular
sampling intervals of the observations and the inherent uncertainty in a single SCAN’s flux density
make the MOST database less than ideal for studying such short-term behaviour.
2.3 Analysis of Variability
In order to quantify which sources are variable and which are steady, we calculate the χ2 probability
that the flux has remained constant for a given source (e.g. Kesteven et al 1976). We first calculate
the quantity
x2 =
n∑
i=1
(Si − S˜)
2/σ2
i
(1)
where S˜ is the weighted mean, given by
S˜ =
∑
n
i=1(Si/σ
2
i
)
∑
n
i=1(1/σ
2
i )
, (2)
2In cases where there is only one measurement in a particular 30 day interval, the error is nominally assigned
to be 5% of the measured flux density.
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Si is the ith measurement of the flux density for a particular source, σ
2
i
is the variance associated
with each 30-day estimate of Si, and n is the number of binned data points for that source. For
normally-distributed random errors, we expect x2 to be distributed as χ2 with n − 1 degrees of
freedom. For each source, we can then calculate the probability, P , of exceeding x2 by chance for
a random distribution.
A high value of P indicates that a source has a steady flux density over the available time
period; we classify a source as steady (S) if P > 0.01, and undetermined (U) if 0.001 < P < 0.01.
However the χ2 test cannot distinguish between sources which are genuinely variable and those
which simply have a large scatter in their light curve; both light curves result in a low value of P .
We distinguish between these possibilities by computing the structure function (e.g. Hughes et
al 1992; Kaspi & Stinebring 1992) for each source for which P < 0.001. The mean is subtracted
from the binned time series St, and these data are then normalised by dividing by the standard
deviation. This yields a new time series Ft, from which the structure function
Στ = 〈[Ft+τ − Ft]
2〉 (3)
can be calculated, where τ is a parameter known as the lag. If a light curve contains scatter but
no true variability, then the structure function will have the value Στ ≈ 2 for all values of τ .
But when a source is truly varying, we expect the resulting structure function to consist of three
regimes:
• Noise regime: at small lags, Στ is more or less constant.
• Structure regime: as τ increases, Στ increases linearly (on a log-log plot).
• Saturation regime: at high lags, the structure function turns over and oscillates around
Στ = 2 (for our normalisation). If there is a second, longer, time-scale in the data, the
structure function can enter another linear regime at longer lags before again saturating.
If a source has P < 0.001 but shows no clear structure in its structure function, we classify it
as undetermined (U). Only sources which have both P < 0.001 and show structure are classified
as variable (V). In these cases, the structure function can also be used to obtain a characteristic
time scale, τV , for variability; we define τV to be equal to twice the lag at which the structure
function saturates. We expect a structure function to be sensitive only to time scales longer than
about 100 days (i.e. a few multiples of the sampling interval of the binned data). Furthermore,
caution should be applied when interpreting structure at large values of τ , as only a few points
make a contribution to Στ at these long lags (e.g. Hughes et al 1992).
3 Results
Approximately 28 000 SCANs meet the selection criteria described in Section 2.2, and around
22 000 of these fall within valid blocks. The resulting light curves for the 55 MOST calibrators are
given in Figure 2.3 Using the criteria described in Section 2.3, 18 sources are found to be variable,
19 are found to have steady light curves, and the remaining 18 are undetermined. Each source in
Figure 2 is marked with a V, S or U corresponding to its classification.
Structure functions for the 18 variable sources are shown in Figure 3; for each source we have
estimated the time scale for variability, τV , as marked on each plot. However, we note that some
3The corresponding data tables are available at http://www.physics.usyd.edu.au/astrop/scan/ .
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of these estimates are very approximate, as a result of the sparse and/or irregular sampling of the
light curves. For example, for MRC B2326–477 we have assigned τV = 400 d, but one could just
as easily argue that τV = 2000 d. Furthermore, there is evidence that the structure functions for
some sources, such as MRC B1740–517, enter another linear regime beyond the point where they
saturate. This suggests that there are variations on time scales longer than we can measure with
these data. Some properties of the 18 variable sources are summarised in Table 1.
4 Discussion
4.1 Individual Sources
We restrict our comments here to the 18 sources found to be variable. Many of these sources have
been observed in snapshot mode at 5 GHz with the Australia Telescope Compact Array (ATCA,
Burgess 1998), and are also ATCA secondary phase calibrators.
MRC B0208−512: VLBI modelling shows a strong core (Preston et al 1989), and a jet-like fea-
ture (Tingay et al 1996). Detected as an X-ray source in the ROSAT All-Sky Survey (Brinkmann
et al. 1994) and as a γ-ray source in the EGRET survey (Bertsch et al. 1993).
MRC B0537−441: See Paper I.
MRC B0943−761: Close 2.′′8 double at 5 GHz (Burgess 1998). Detected as an X-ray source in
the ROSAT All-Sky Survey (Brinkmann et al 1994).
MRC B1151−348: Radio spectrum peaks at ∼200 MHz. A VLBI image shows a 90 mas double
structure (King et al 1993).
MRC B1215−457: Compact steep-spectrum source with a strong, slightly resolved VLBI core
(Preston et al 1989).
MRC B1234−504: Compact steep-spectrum source, with no optical counterpart on the UK
Schmidt sky survey but possible stellar identification on a CCD image obtained at the Anglo-
Australian Telescope (AAT) (Burgess 1998).
MRC B1424−418: Discordant flux densities measured at Parkes point to the source being
variable at 5 GHz (Burgess, priv comm). VLBI modelling shows an unequal 23 mas double
structure (Preston et al 1989).
MRC B1458−391: Compact steep-spectrum source in a crowded optical field; optical ID based
on an AAT CCD image (Burgess 1998).
MRC B1549−790: VLBI image shows a curved structure, possibly a core plus jet (Murphy et
al 1993).
MRC B1610−771: Quasar with a flat radio spectrum and very steep optical spectrum (Hunstead
& Murdoch 1980). VLBI observations (Preston et al 1989) show a strong core surrounded by a
50 mas halo.
MRC B1718−649: The nearest GHz-peaked-spectrum source, with a radio spectrum peaking
near 3 GHz. VLBI imaging shows two sub-parsec-scale components separated by ∼2 pc (Tingay
et al. 1997).
MRC B1740−517: Crowded optical field; galaxy ID by di Serego Alighieri et al (1994) is
confirmed by an AAT CCD image (Burgess 1998).
MRC B1827−360: Compact ultra-steep-spectrum source identified with a galaxy in a very
crowded field.
MRC B1829−718: Candidate source for defining the VLBI astrometric reference frame (Ma et
al 1998).
MRC B1854−663: Compact steep-spectrum source identified with a faint galaxy (Burgess 1998).
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MRC B1921−293: See Paper I.
MRC B2052−474: Radio spectrum steep at low frequency, but flattens at high frequency; core
dominated at 5 GHz, possibly triple (Burgess 1998). Detected as an X-ray source by the ROSAT
All-Sky Survey (Brinkmann et al 1994).
MRC B2326−477: Detected as an X-ray source in the ROSAT All-Sky Survey (Brinkmann et
al 1994). One of the set of defining sources for the VLBI astrometric reference frame (Ma et al
1997).
4.2 General Properties
If the observed variability is a result of refractive scintillation in the Galactic interstellar medium
(ISM), then we expect some sort of dependence of one of modulation indexm = σ/S¯, characteristic
timescale τV or their product, mτV , on the Galactic latitude, b (e.g. Spangler et al. 1989; Ghosh
& Rao 1992). However, apart from a weak tendency for larger τV to occur at lower |b|, there is no
obvious correlation in our data. This is not surprising given the large uncertainties in τV arising
from the irregular sampling of the light curves, and the fact that there are few variable sources at
high latitudes (14 of the 18 variable sources have 10◦ < |b| < 30◦).
An alternative indicator of the effects of the Galactic ISM is to test whether variable sources
are more likely to be found at low latitudes. We consider this possibility in Figure 4, where we
plot the ratio of variable sources (NV ) to variable plus steady sources (NV + NS) in different
latitude bins. While the statistics are poor, there is a clear indication that sources are more likely
to be variable at low latitudes, as found for northern hemisphere sources (Cawthorne & Rickett
1985; Gregorini et al. 1986). This is unlikely to be caused by selection effects associated with a
dependence of spectral index on Galactic latitude (cf. Cawthorne & Rickett 1985), since the main
criterion for source selection was angular size (θ < 10′′). Thus the extensive monitoring data for
the MOST calibrators provide good evidence that the variability observed at 843 MHz arises from
scintillation in the local ISM.
While spectral index was not considered in selecting the majority of the sample, Table 1 shows
that two-thirds of the variables have flat or inverted spectra (α > −0.5), consistent with source
angular size being the main determinant of source variability. Surprisingly, the remaining third
of the variables fall in the class of compact steep-spectrum (CSS) sources which are generally
believed to be young sources still contained within their host galaxies, and not known to vary
at high frequencies. The latter sources display a lower level of variability, as measured by the
modulation index m, and in four of the six cases their V classification appears to be due to one-off
events lasting ∼1 year.
To investigate the variability properties of the MOST calibrator sample as a whole, in Figure 5
we have plotted m versus α for all 55 sources. This Figure shows a clear trend towards higher
average modulation index as the radio spectrum flattens, with a suggestion of an upper envelope.
Perhaps the simplest explanation for this behaviour in the unified model for powerful extragalactic
radio sources is to link m and α through the orientation of the radio axis to the line of sight (e.g.
Orr & Browne 1982). We assume that the ‘core’ of a classical triple source is the only part with
components small enough in angular size to scintillate. If the core contribution dominates, as
a consequence of Doppler boosting in the flat spectrum sources, even small fractional variations
will be readily detected. However, the same fractional variations in the core of a steep-spectrum,
lobe-dominated source will go undetected. We can therefore understand the trends in Figure 5 in
a qualitative sense, and it is possible that a more detailed analysis may provide useful constraints
on radio source models.
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5 Conclusions
55 sources used for calibration purposes by the MOST at a frequency of 843 MHz have been
observed irregularly over a 13 year interval. We have developed an algorithm to process these
data and produce a light curve for each source. Our analysis shows that 18 of these sources can be
considered variable. There is some suggestion that these sources are distributed at lower Galactic
latitudes than the 19 sources whose flux densities are unvarying. This suggests that variability
at 843 MHz on time scales of 1–10 years is predominantly due to scintillation in the Galactic
ISM rather than effects intrinsic to the source. A possible correlation between modulation index
and spectral index can be explained qualitatively in terms of a variation in the core fraction with
orientation of the radio axis to the line of sight.
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Figure 1: The relative gain of the MOST as a function of meridian distance. The data shown corre-
spond to the asymmetric gain curve of Burgess (priv comm), with additional empirical corrections
of order 2%.
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Figure 2: Light curves for 55 MOST calibrators. Sources are marked S, U or V, corresponding to
whether their time behaviour is steady, undetermined or variable respectively. Each abcissa ranges
between MJD – 40 000 = 5500 (1983 Jun) and 10400 (1996 Nov), while ordinates run between
0.5 and 1.5 times the nominal flux density for each source (see Table 1 of Paper I). Data have
been binned into 30 day intervals — the error bars shown are the 1σ standard deviation of the
individual data points within each interval, or are set at 5% in cases where only one data point
falls in a given 30 day period.
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Figure 2 (cont.)
11
Figure 2 (cont.)
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Figure 2 (cont.)
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Figure 3: Structure functions for the 18 variable sources. The dashed horizontal line corresponds
to Στ = 2, the value at which a pure sinusoid will saturate. The dashed vertical line corresponds
to the approximate lag at which the structure function saturates (the time scale for variability,
τV , is defined to be twice this value).
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Figure 3 (cont.)
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Figure 4: The fraction of variable sources as a function of Galactic latitude. Horizontal error bars
represent the width of each latitude bin, while vertical error bars have been derived by computing
the fraction of variable sources which results when half the undetermined sources in that bin are
reclassified as either variable (upper limits) or steady (lower limits).
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Figure 5: Plot of modulation index (m) versus spectral index (α) for all 55 MOST calibrator
sources. Note the tendency for m to increase as the spectrum flattens.
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Table 1: Properties of variable sources in our sample.
Source b τV m
a Identb z αc LASd
(deg) (days) (′′)
MRC B0208−512 −61.8 2000 0.047 Q 1.003 −0.23 6.0
MRC B0537−441 −31.1 1500 0.139 Q 0.894 +0.25 . . .
MRC B0943−761 −17.4 300 0.023 g . . . −0.79 2.8
MRC B1151−348 +26.3 400 0.019 Q 0.258 −0.49 <2.9
MRC B1215−457 +16.5 300 0.019 Q 0.529 −0.59 <1.9
MRC B1234−504 +12.0 1200 0.060 Q? . . . −0.82 <1
MRC B1424−418 +17.3 300 0.074 Q 1.52 −0.47 <2.3
MRC B1458−391 +17.0 400 0.022 g . . . −0.67 <2.4
MRC B1549−790 −19.5 700 0.050 g 0.15 −0.29 <1.0
MRC B1610−771 −18.9 400 0.052 Q 1.71 −0.13 <1
MRC B1718−649 −15.8 1400 0.060 g 0.013 +0.21 . . .
MRC B1740−517 −11.5 2500 0.063 g . . . −0.08 <1
MRC B1827−360 −11.8 400 0.016 g . . . −1.12 <1.5
MRC B1829−718 −24.5 400 0.048 g . . . −0.35 . . .
MRC B1854−663 −25.5 400 0.022 g . . . −0.86 <1.0
MRC B1921−293 −19.6 3000 0.191 Q 0.352 +0.38 . . .
MRC B2052−474 −40.4 300 0.084 Q 1.489 −0.34 3.9
MRC B2326−477 −64.1 400 0.037 Q 1.489 −0.15 . . .
a Modulation index, defined by m = σ/S¯
b Q = quasar ; g = galaxy
c Spectral index α (where S ∝ να) between 408 and 2700 MHz (or 4850 MHz if 2700 MHz flux density
not available)
d Largest angular size at 5 GHz, measured with the Australia Telescope Compact Array (Burgess 1998)
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